Abstract-This paper presents a high performance torque control of Permanent Magnet Synchronous Motors using a real time simulator with a Finite Element Analysis (FEA) based motor model. This model can simulate some behaviors of the actual motor includes nonlinear characteristics such as spatial harmonics and magnet saturations. Therefore, a model based control developed with FEA based motor model takes some advantages for motor control. This research aims to achieve advanced motor control and drive techniques. In this paper, the high performance torque control techniques of PMSM are proposed. Proposed torque control is constructed based on direct torque control with torque prediction. This proposed method can achieve both fast response and smooth torque. The effectiveness is verified by performing some simulations and experiments.
I. INTRODUCTION
Permanent Magnet Synchronous Motors (PMSMs) are widely used in many applications such as automotive applications and electrical appliances because they have some advantages such as high controllability, efficiency and power density. The adopted PMSMs for the many applications are required high torque performance that means torque smoothness (torque ripple less) and fast torque response.
In general, the shaft torque of PMSM is usually analyzed by the Fleming law defined in the rotor reference frame. In this frame, the shaft torque can be expressed by constant parameters and excited current. However, PMSM typically have nonlinear characteristics such as spatial harmonics and magnetic saturations. The spatial harmonics cause torque ripples and the magnetic saturations cause the error of the output torque to the reference. It is difficult to express actual output torque perfectly and it degrades the torque performance.
The strict torque model of PMSM have been reported to analysis the actual output torque and some torque ripples reduction techniques have been proposed by calculating optimal current reference to reduce torque ripples [1] [2] . However, they are usually developed with current regulator. The torque response is limited by a bandwidth of the current regulator.
Direct Torque Control (DTC) is one of the technique to achieve fast torque response because this control method developed without current regulator [3] [4] . The classical DTC consists of hysteresis comparator and switching table which is arranged according to switching pattern of the three phase inverter. The input voltage vector is decided by the deviation signal of output torque and stator linkage flux. Therefore, only one constant voltage vector is used during one control cycle. Because of this control algorithm, the torque ripples due to hysteresis control depend on DC link voltage and control period may become problems in the DTC. For this problem, some torque control techniques have been proposed [5] - [9] . In [5] - [7] , model predictive control techniques are used in the DTC to predict future behavior of the motor to decide optimal voltage vector. In [8] , constructing DTC with PI regulator to calculate voltage phase. The optimal voltage vector to achieve reference at one sample as a dead beat control based on mathematical model [9] . However, these techniques developed based on mathematical model without nonlinear characteristics. Therefore, torque ripples due to the spatial harmonics will be caused in the output torque.
The high performance torque control that can achieve both smooth torque and fast response clearly is not reported.
Meanwhile, the development of the neighboring technologies of the motor drive such as analysis and controller (calculation machine) should be focused. The Finite Element Analysis (FEA) is a power full method to develop the precise motor model. Adding that, a coupling analysis developed by FEA and circuit simulation can calculate and evaluate exactly behavior of the motor because this analysis technique can consider not only nonlinear characteristics of the motor but also influence of the control and drive conditions [10] . In general, an FEA implemented in the coupling analysis needs amount of time to calculate. It is undesirable for the development process of the motor and controller. In contrast, a fast operated motor model has been developed based on FEA [11] . Finally, the techniques which couples an FEA based motor model and a real-time simulator is researched and used for Hard-ware In the Loop Simulation (HILS) and also used for Rapidly Prototype Controller (RPC) in new products development process [12] [13] .
By using this analysis techniques developed FEA based motor model and a real-time simulator, it can be said definitely that a motor control and drive to achieve control method considering nonlinear characteristics can be developed.
From above discuss, this research aim to achieve high performance torque control of PMSM by using a real-time simulator with an FEA based motor model. The proposed torque control method calculate optimal voltage vector by using DTC logic and duty calculation method based on torque predicted technique by the FEA based motor model. Therefore, the proposed torque control method can achieve both smooth torque and fast response. In this paper, the control algorithm and the effectiveness of this technique is presented by some simulations and experiments.
II. PMSM DRIVE SYSTEM USING A REAL-TIME SIMULATOR WITH AN FEA BASED MOTOR MODEL In this section, the PMSM drive system using a real-time simulator with an FEA based motor model is described. This technique is a unique point of this research. By using FEA based motor model, the nonlinear characteristics of PMSM are clearly considered in the control algorithm. The control algorithm is developed based on a coupling analysis constructed a circuit simulator and the FEA based motor model. The coupling analysis is operated in the real-time simulator implemented as motor drive controller. This development process includes three steps.
A. FEA based motor model
As the first step, the motor model possessing nonlinear characteristics of the PMSM are developed based on a finite element analysis. This accurate motor model is called "FEA based motor model" in this paper. The FEA based motor model has 3-D table data about inductance, magnetic flux and torque with the dependence of excited current and rotor position. These motor parameters can take into account of the nonlinear characteristics. Spatial harmonics and magnetic saturation can be considered by dependence of rotor position and the dependence of the current respectively. The behaviors of the PMSM are expressed by some equations with motor parameters obtained 3-D table and/or directly obtained from 3-D table.
In this research, acquisition, interpolation and construction of motor parameters are automatically implemented by JMAG-RT provided by JSOL Corporation.
B. Coupling analysis
As the second step, the coupling analysis is developed by combination between a circuit simulator with the FEA based motor model. This coupling analysis is implemented in drive system as a control algorithm.
In the coupling analysis, the nonlinear characteristics of all motor drive system can be considered in the simulation.
The nonlinear characteristics of motor are analyzed by the FEA based motor model and also effects of control algorithm are analyzed. This rigorous analysis technique gives advanced control algorithm on the simulation.
In this research, MATLAB/Simulink provided by The MathWorks, Inc. is used for the coupling analysis.
C. Real-time simulatior
As the final step, the coupling analysis is installed and operated in a real-time simulator. The real-time simulator can calculates one coupling analysis cycle less than 100 micro sec. And also, the real-time simulator has rapid A/D and D/A unit. It is able to use external signals (measured signals by sensors) in the coupling analysis. By using the real-time simulator as controller of drive system, the coupling analysis and real motor drives can be operated simultaneously.
In this research, the LT-RTSim II (Real-time simulator) provided by DSP technology Inc. is used.
D. Model based control based on a FEA based motor model
A model based control based on the FEA based motor model yields high performance control technique which enables to directly approach for the nonlinear characteristics. It can analysis some behavior of actual motor in the real-time simulation. It takes an advantage that the behavior of the actual motor can be estimated and correctly predicted.
III. PROPOSED HIGH PERFORMANCE TORQUE CONTROL
In this section, a proposed high performance torque control is described. In the proposed method, the key point of the model based control technique that can accuracy estimate and predict is used. The output torque can be calculated by FEA based motor model with input voltage signal. The optimal voltage amplitude is obtained based on this predicted torque to achieve the both torque ripples depend on spatial harmonics and hysteresis control algorithm. And also, quick torque response is realized based on direct torque control method like a dead-beat torque control. Fig. 1 shows the block diagram of a proposed torque control method. The proposed method consists of various sections: DTC logic part that may works to obtain the voltage vector of three phase inverter according to increasing or decreasing of output at next sampling, duty calculation with torque prediction part that calculate optimal voltage vector to achieve torque reference at next sample and torque and stator linkage flux estimation part.
A. Output estimation and prediction
Some output signals of the actual motor can be estimated and predicted by real-time simulating with the FEA based motor model. Estimation or prediction is distinguished according to input signal. An excited current is calculated by a differential equation of current with some motor parameters obtained from FEA, input voltage and sampling time. In addition, the output torque and stator linkage flux can be obtained by FEA according to the estimated or predicted current.
The Excited current is expressed as follow:
where 
B. Duty calculation
In the case of giving voltage vector obtained from DTC logic during one sampling, it can be considered as that duty ratio is 100 percent (Predicted maximum torque). In the proposed torque control method, the voltage amplitude (duty ratio) can be calculated based on predicted maximum torque.
The required amount of change to achieve the desired output torque is expressed by output torque reference and instantaneous estimated torque as follow:
where, The deviation between maximum duty torque and torque reference is expressed as follow:
where, (100% The optimal duty ratio is calculated based on ratio of the between (2) and (3) as follow:
where, d is duty ratio. This calculation method is using the assuming that the relationship between input voltage vector and output torque is linear. In fact, there are nonlinear relationships depend on magnetic saturation. However, the effect of this relationship is very small.
The voltage reference can be expressed as follow: 
IV. SIMULATION RESULTS
In this section, some simulation results include comparison between the classical DTC, DTC with torque estimation by FEA based motor model (FEA based DTC) and proposed torque control method are described. To compare torque ripples due to spatial harmonics, the FEA based DTC is implemented. And also, the comparison between FEA based DTC and the proposed torque control shows the effects of duty calculation method. Evaluation items are torque ripples in the steady state, torque dynamics in the transient term and the effects of the DC link voltage in the proposed torque control method. These simulation results are obtained by the coupling analysis developed by MATLAB/Simulink and JMAG-RT. Fig. 2 shows the simple block diagram of these drive systems. FEA based DTC can reduce torque ripple due to spatial harmonics than the classical DTC. The position sensor and position signal are omitted in Fig. 2. A. Torque ripples in the staedy state Fig. 3 shows output torque, excited current and input voltage in the steady state. In the classical DTC, the output torque pulsation is caused due to the spatial harmonics and hysteresis control logic. In the FEA based DTC, torque ripples in the output torque is reduced. However, the torque ripples due to hysteresis control logic is caused. In the proposed method, the smooth torque is achieved because the torque ripple due to spatial harmonics is considered by the FEA based motor model and torque ripple due to a hysteresis controller is reduced by the duty calculation method.
The excited U-phase current of the classical DTC is sinusoidal with some sharp pulse because this control method works considering only fundamental component according to estimated torque based on the Fleming law. And also, the sharp pulse is generated by the hysteresis controller. In the FEA based DTC, the excited is pulsation which is effective for reduction torque ripple due to spatial harmonics. In the proposed torque control method, the excited U-phase current is pulsation like as the current of the FEA based DTC. In addition, the sharp pulse current is not appeared in proposed method compared with the FEA based DTC.
The input U-phase voltage of the classical DTC and FEA based DTC is two levels depend on DC link voltage because this method is working based on hysteresis control. Gate signal for each switch is constant during one sampling. The input U-phase voltage of the proposed torque control method is variable. In the proposed method, voltage reference is calculated by duty ratio. From this result, the input voltage has pulsation which is working for torque ripple reduction. Step response Fig. 4 shows the torque step response and the duty ratio of the classical DTC, FEA based DTC and the proposed torque control method. In the classical DTC, the output torque is not tracking with the torque reference because of spatial harmonics. The output torque of the FEA based DTC and the proposed torque control method achieves good tracking with reference value.
The duty ratio of the classical DTC and the FEA based DTC is always maximum (100%) because they adopt hysteresis controller to make voltage reference. In the proposed torque control method, the duty ratio is calculated depend on drive condition divided according to torque reference. In the transient term, the duty ratio is calculated as maximum because the voltage is needed to track the torque reference. Fig. 5 shows torque dynamics according to DC link voltage in the proposed torque control method. In the case of the DC link voltage is enough, the output torque tracks the commanded torque in a single step (dead beat) while the DC link voltage is 500V. The duty ratio is calculated as not maximum it means the duty calculation method works well to achieve good tracking performance. In the case of under the voltage saturation, the proposed torque control method utilizes the maximum duty ratio until own output torque tracks the reference value to achieve fast torque response.
From these results, the proposed torque control method which consists of DTC logic, duty calculation and instantaneous output estimation and prediction can achieve the both torque ripples reduction due to spatial harmonics and hysteresis control and fast torque response.
V. EXPERIMENTAL VERIFICATION
In this section, some experimental results include comparison between the classical DTC, FEA based DTC and the proposed torque control method are described. Fig. 6 shows experimental setup. The test motor is rotated at constant speed by a servo motor system. The real-time simulator and three phase voltage source inverter are implemented as a controller and as a drive circuit, respectively. In addition, the FEA based motor model and actual motor are synchronized each other by detecting the rotor position. Fig. 7 shows the output torque and excited U-phase current in the steady state. In the proposed torque control method, the torque ripples are reduced compared with the classical DTC and FEA based DTC. In addition, the excited U-phase current is pulsated due to the spatial harmonics. And also, the high frequency ripple of current is reduced. Fig. 8 shows FFT spectrum of the output torque and excited U-phase current. The main component of the torque ripples due to spatial harmonics (12 th 
VI. CONCLUSION
This research aim to achieve high performance control and drive of the PMSM by using a real-time simulator with FEA based motor model. In this paper, the high performance torque control method developed based on duty calculation with output estimation and prediction by FEA based motor model have been proposed as one of the high performance control method of PMSM. The proposed torque control method can achieve both smooth torque and fast torque response. The effectiveness of the proposed torque control method was verified by some simulations and experiment. 
